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�A CONVENTIONAL ASIC design mainly uses an

edge-triggered flip-flop as a sequencing element be-

cause of the simplicity of this flip-flop’s timing

model. Specifically, the amount of time available to

a combinational block that lies between two flip-

flops is fixed. This constrains timing uncertainties

within each combinational block, which is important

for design steps at higher abstraction levels such as

logic synthesis when implementation details are un-

known. However, an appreciable portion of the

clock period, total power consumption, and circuit

area are attributed to flip-flops. A typical flip-flop

has 6 FO4 (fanout-of-4) delays (sum of the clock-to-

Q delay and the setup time).1 This is 13% of a 46-

FO4-delay clock period, and 17% and 21% when the

clock period becomes 35 and 29 FO4 delays, respec-

tively,2 due to the requirement to increase the clock

frequency. The clock distribution, including flip-

flops, often contributes more than half of the total

power consumption.

High-performance custom designs often use a

level-sensitive latch as a sequencing element. Its tim-

ing overhead ranges from 2 to 4 FO4 delays,1 which

is far smaller than that of a flip-flop. Such designs

are somewhat immune to clock skew and jitter,

owing to latch transparency. However, the timing

model is more complicated, which, along with the

limited support of CAD tools, makes using latches in

ASIC designs difficult. In addition, data

must be held for a longer period of

time, increasing the likely number of

hold time violations.

A pulsed latch is a latch that is driven

by a brief clock pulse. The amount of

time available to a combinational

block is still variable, but the amount

of variation is significantly less than in latch circuits.

The scope for hold time violations is also reduced.

This makes a pulsed latch an ideal sequencing ele-

ment for high-performance and low-power ASIC

designs, as well as for traditional high-performance

microprocessor designs.3-9

Given the similarity of the timing model, a pulsed

latch can be approximated by a faster flip-flop. This

enables a simple migration of a flip-flop circuit to a

pulsed-latch version by substituting all (or some) of

the sequencing elements,10 thus saving both the

clock period and power consumption. We have per-

formed experiments using some test circuits to exam-

ine the savings quantitatively. Additional support of

the design methodology and tools is necessary for a

complete environment of ASIC design based on

pulsed latches.

In this article, we discuss this additional sup-

port for

� the physical design, including insertion of pulse

generators and customized placement algorithms;

� timing analysis and optimization, including buffer

insertion to resolve hold time violations, time bor-

rowing via different pulse widths, and mixed time

borrowing and sequential optimization; and

� low-power design, including clock gating in pulsed-

latch circuits.

Pulsed-Latch Circuits

Pulsed-latch circuits retain the advantages of both latches and flip-flops, offer-

ing higher performance and lower power consumption within a conventional

ASIC design environment. This article identifies a design methodology and

tools for pulsed-latch ASICs to complement this environment. The authors re-

view potential solutions and provide quantitative results to assess the effective-

ness of pulsed-latch circuits.
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Pulsed-latch circuits
In a pulsed-latch circuit, a

normal clock is delivered from

a clock source to multiple pulse

generators (called pulsers),

which are dispersed in a place-

ment region. Each pulser then

delivers a pulse to more than

one nearby latch, because a

pulse can be easily distorted

over a long distance.

Researchers have proposed

several implementations of puls-

ers.4,8,11 For example, when the

pulser shown in Figure 1a is

implemented in 45-nm technol-

ogy, it consumes about 5 times

more power than a standard

latch because of the large num-

ber of clocked transistors, even though it takes only

30% more area. Reducing the number of pulsers,

therefore, is important for the power consumption.

A pulser can be embedded in a latch, known as a

pulsed flip-flop, to avoid distortion of the pulse shape.

Figure 1b shows an example of such a circuit ele-

ment; a pulse is not explicitly generated, but the inver-

ter chain delay determines the period of time that

data can be captured; this period of time is thus

equivalent to the pulse width. The integration of a

pulser and a latch comes at the obvious cost of

more area and power consumption than in a shared

external pulser, but the benefits of a pulsed latch in-

clude less sequencing overhead, a simple timing

model, and only a small amount of time borrowing.

The circuit in Figure 1b also allows for integrating a

logic gate by modifying NMOS transistor N1 and

PMOS transistor P1, as is often done in high-

performance processor designs.5,12

To take advantage of both pulsed-latch (shared

pulser) and pulsed flip-flop (no distortion of pulse

shape), we can integrate more than one latch with

a single pulser. This yields a pulsed register,4 which

can be used in data path circuits.

Design of pulsed-latch ASICs
In its simplest form, a pulsed latch is like a faster

flip-flop with a longer hold time. We can migrate a

conventional ASIC design synthesized with flip-flops

to a pulsed-latch version by simply replacing all the

flip-flops with latches. We must insert and properly

place a necessary number of pulsers to guarantee

the integrity of the pulse shape. We should use timing

analysis to check for a likely increase in hold time vio-

lations and remove these violations by inserting delay

buffers. This simple migration allowed roughly a 10%

decrease in the clock period and a 7% decrease

in power consumption in our experiments using

ISCAS-89 benchmark circuits and open-core circuits

(http://www.opencores.org) with 45-nm technology,

demonstrating the benefit of pulsed-latch circuits.

A pulsed latch can be used progressively if its

pulse width is modulated, implying the existence of

pulsers generating more than one pulse width. The

resulting difference between the pulse widths of the

launching and the capturing latches can be used

for time borrowing. The problem of assigning a

pulse width to each latch is called pulse width alloca-

tion (PWA). The amount of time borrowing from PWA

is necessarily limited because increasing the pulse

width raises the risk of hold time violations. This limi-

tation can be alleviated, however, if PWA is used along

with sequential optimization techniques such as clock

skew scheduling and retiming; such an approach can

decrease the clock period by an additional 20%.

When a pulsed-latch circuit is employed for low-

power applications, applying clock gating is benefi-

cial. If clock gating is implemented in each pulser,

as in Figure 1a, a pulser must be connected to latches

that are gated by the same enable signal, whereas the

connection should be made in consideration of pulse

shape. In other words, pulser insertion should
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Q

D
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Figure 1. Example of a pulser4 (a), and a pulsed flip-flop3 (b). In (a), when clock

CLK is 0, PMOS transistor P1 (as well as NMOS transistor N1) turns on and causes

pulse clock PCK to be 0. The pull-down network is enabled after N2 is turned on

at the rising edge of CLK, and PCK is driven high. N3 and P2 are subsequently

turned on, which drives PCK back to 0. Thus, the pulse width is determined by

the inverter chain delay. Notice that clock gating, driven by signal EN (enable) is

embedded in the circuit; EN is not allowed to change while PCK is 1, which

occurs briefly, and can be realized by a simple transmission gate.
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consider the functionality of latches as well as their

physical proximity. An additional 15% decrease in

power consumption can be expected after clock gat-

ing is applied.

Pulser insertion

Pulser insertion should be carefully performed be-

cause of the requirement of physical proximity be-

tween latches and pulsers. An arbitrary grouping of

latches and inserting pulsers would likely yield a

bad physical design, because latches in the same

group would end up in a localized region, severely

constraining the overall placement.

Pulser insertion could be done after the initial

placement and latch locations are given; the problem

is to find a minimum number of pulsers, such that

each group of latches and their pulser (called a pulser

group) satisfy the pulser’s load capacitance limit

(Cmax). This is illustrated using an example in Figure 2a,

where Clatch indicates a latch’s input capacitance.

The connection between each pair of latches is

associated with the wire capaci-

tance; the connections that

cause Cmax to be violated are

dropped. For example, the wire

capacitance between a and e is

larger than 5, which, when

added to 2Clatch, exceeds Cmax.

Figure 2b shows an example

solution.

A similar instance of the prob-

lem is to identify a group of

latches that can be mapped to a

single pulsed register, rather than

latches and an external pulser.

Placement of pulsed-latch circuits

Once pulser groups are identified, the entire de-

sign should be placed again, either incrementally or

as a completely new placement step. A heuristic

method using a conventional placement tool is to as-

sign a higher net weight to the nets connecting a latch

and a pulser,13 or to create a relative placement

bound that encompasses each pulser group.

A systematic method is to explicitly consider the

connection between a pulser and a latch during

placement. In this direction, consider the following

definition of a global placement problem:14

Minimize W(x, y)

Subject to Db(x, y) � Dmax,b, 8 bin b

Wp(x, y) � Wmax,p, 8 pulser group p

where W denotes the total wire length, Db is the

density of bin b when the placement region is

divided into a grid of bins, and Wp is the total wire

length of pulser group p. Wmax,p is the maximum

wire length allowed in p, and is derived from the

load capacitance limit of a single pulser and the

total input capacitance of the latches in the group.

This constrained problem can be transformed to

an unconstrained one:

Minimize Wðx; yÞ þ a
X

b

½Dmax;b � Dbðx; yÞ�2

þ b
X

p

� log½Wmax; p �Wpðx; yÞ�

where a and b are some constants. The use of log is

important (see Figure 3 for its definition). When

Wmax, p � Wp(x, y) becomes negative, meaning the

pulser group’s total wire length exceeds its allowance,

we defineþ1 for the value of�log[Wmax,p�Wp(x, y)]

Pulsed-Latch Circuits
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Figure 2. Location of latches with wire capacitance (a), and an example solution (b).

Wmax,p > Wp(x,y)
Wmax,p < Wp(x,y)

(y = +∞)

Wmax,p  – Wp(x,y)

y = –log(Wmax,p – Wp(x,y))

Figure 3. Definition of a log barrier in a global

placement problem.
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so that this placement can be

rejected. The same happens as

Wp(x, y) approaches Wmax,p on

the right of the y-axis. Legaliza-

tion (removal of any remaining

overlaps of cells) follows the

global placement.13

Timing optimization
Timing of pulsed-latch cir-

cuits can be further optimized

if we modulate pulse widths

(i.e., PWA). Combining PWA

with a conventional sequential-

optimization technique is even

more effective in reducing the

clock period. Hold time viola-

tions and variations in pulse

widths also must be considered.

Resolving hold time violations

Pulsed-latch circuits have an increased risk of hold

time violations. Data launched at the rising edge of a

pulse must arrive at a capturing latch after the hold

time is past the falling edge. Therefore, more hold

time violations are likely to occur with increasing

pulse width. We can correct these violations by insert-

ing delay buffers15-17 or using resynthesis18 to increase

the delay of the short paths.

Figure 4 shows the number of hold time violations,

along with the area of the delay buffers (indicated by

the hatched pattern) needed to correct them. We

tried several pulse widths, with the most narrow

being 110 ps. Clearly, the number of violations and

corresponding number of buffers increased as the

pulse became wider. Even at 110 ps, the proportion

of the buffer area can be substantial in some circuits

such as the usbc open-core circuit (http://www.

opencores.org), signifying the importance of hold

time violations in pulsed-latch circuits.

A proactive approach to avoid hold time violations

is to explicitly consider hold time constraints during

logic synthesis. In our experiments with test circuits,

the difference between this approach and buffer in-

sertion in total area turned out to be small, even

though the netlists were very different.

Time borrowing

A small amount of time borrowing is possible in

pulsed-latch circuits, even though a pulse is very short.

This possibility would be deliberately ignored in

ASIC design to simplify the timing model. Specifically,

if the rising edge is regarded as the time when data is

launched, the same edge is assumed for the time

when data is captured.

If we use more than one pulse width, another form

of time borrowing emerges, as Figure 5 shows. In this

setting, the block between a and b effectively borrows

4 time units from the block between b and c, thereby

working correctly even though its delay is larger than

the clock period. Note that the clock period must be

set to 19 if �1 is applied to all three latches.

This approach can be generalized to a problem in

which the pulse width is allocated to latches (PWA)

such that the clock period is minimized.13 A list of

pulse widths is defined by pulsers that are available;
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Figure 4. Number of hold time violations and extra buffers with different pulse

widths for the s1423 ISCAS-89 benchmark circuit (a) and the usbc open-core

circuit (b).

19 11a b c
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Φ1
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4

Figure 5. Time borrowing via multiple pulse

widths. The delay between latches a and b is 19,

and that between b and c is 11. The pulse applied

to b (�2) is wider by 4 than that applied to a and c

(�1). The period of both pulse clocks is set to 15.
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the maximum pulse width is necessarily limited be-

cause of the increasing number of hold time viola-

tions. The PWA problem can be readily solved

through an iterative relaxation method.19

Mixed time borrowing and sequential

optimization

Figure 6 shows the result of applying PWA to some

circuits. The figure also shows the clock period of the

initial pulsed-latch circuit (Tini) and the minimum

clock period (Tmin), which is obtained through stan-

dard clock skew scheduling (CSS).20 It is clear that

PWA alone cannot achieve the minimum clock pe-

riod when three pulse widths (130 ps, 190 ps, and

250 ps) are assumed.

We can alleviate this problem by combining PWA

and clock skew scheduling (CSS),13 so that the two

techniques complement each other. In CSS, realizing

a large amount of skew is difficult due to the growth

of within-die process variations,21,22 and the extent of

time borrowing via PWA is limited due to the small

number of short pulse widths. But we can define a

new problem, in which skew and pulse width are

assigned to each latch.

A similar idea emerges if we combine PWA and

retiming.23 Retiming often suffers from a large in-

crease of latches.24 However, when we combine it

with PWA, retiming moves that involve a large in-

crease of latches can be performed via time borrow-

ing, and time borrowing that causes more hold time

violations can be performed via retiming.

Figure 6 shows the result of combining PWA and

retiming (which we’ll call PWR), and of combining

PWA and CSS (which we’ll call PWCS). In the case

of PWCS, we limited the skew to 10% of Tmin. A

clock period close to Tmin was achieved using either

PWCS or PWR. PWCS was not quite as effective in cir-

cuits b04 and b07, however. These circuits exhibited a

Tmin very far from Tini, thus requiring considerable

optimization, which cannot be achieved via limited

skew and time borrowing. PWR was more effective

in these circuits, because retiming could be per-

formed as long as it could be applied. The average in-

crease of latches from PWR was 13%, which was far

smaller than the increase due to retiming alone; this

caused about a 7% increase in the circuit area. The

impact of the buffers to fix additional hold time viola-

tions from PWA or PWCS was marginal��only about a

2% increase in the circuit area.

Statistical considerations

Process-voltage-temperature (PVT) variations

should be considered in pulser design. We performed

Monte Carlo simulations in 45-nm technology. We ap-

plied VDD variation with 0.11 V as 3� and kept 1.1 V as

the mean. We varied the temperature with 50�C as the

3� and 75�C as the mean. The pulse width ranged

from (130 � 12 ps) to (130 þ 12 ps), when all three

variation sources were applied.

Simply assuming a �3� of pulse width does not

represent either the worst or best case, because the

difference between the pulse widths of the launching

and the capturing latches��not the pulse width

itself��determines the amount of time borrowing.

We can address this in two different ways: including

extra timing margin (in the clock period) to absorb

any risk of timing violations due to pulse width varia-

tion, or directly considering variations during the de-

sign stage.

We tested several pulsed-latch circuits that used a

single pulse width. We set the clock period to the delay

of each circuit’s timing-critical path. Then we varied the

pulse width and measured the probability of each cir-

cuit satisfying its timing constraints (timing yield).19

Next, we increased the clock period until the timing

yield exceeded 90%. The clock period increment, rep-

resenting the timing margin, was about a 0.5 FO4

delay, which can be compared to a 2-FO4-delay reduc-

tion in timing overhead when using latches instead of

flip-flops. When we used different pulse widths, the

extra timing margin varied from 0.25 to 0.6 FO4.

Pulsed-Latch Circuits
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Paik, Yu, and Shin have explored PWA under pulse

width variation.19 The PWA under both circuit delay

variation and pulse width variation is a difficult prob-

lem that we might pursue in the future.

Low-power considerations
A simple migration of a flip-flop circuit to a

pulsed-latch version benefits power consumption,10

even though it involves the inclusion of pulsers

and delay buffers. Figure 7a illustrates the result of

this migration for some test circuits in 45-nm technol-

ogy, in which the power savings were 7.3% on aver-

age (minimum 4.3% and maximum 11.2%). We

assume that, in pulsed-latch circuits, the pulser is a

leaf-stage clock buffer as well as a pulse-generating

element. Notice the difference in power consump-

tion between flip-flops and the combined latches

and pulsers. A standard D-type flip-flop consumes

about 1.6 mW; a latch consumes 0.5 mW; and a pulser

consumes 7.2 mW. If a single pulser drives 10 latches,

the power consumption of 10 sequencing elements

is reduced from 16.0 mW to 12.2 mW. Along with

these savings, however, is the cost of increased

power consumption in combinational gates due to

the extra delay buffers.

The importance of pulsers in pulsed-latch circuits

is apparent in Figure 7a. More power savings would

be possible through pulser sizing, using an appropri-

ate mix of flip-flops and pulsed latches, if a low-

power pulser were developed or more latches were

driven by a single pulser (although the latter might

constrain placement too much).

Clock gating of pulsed-latch circuits
Clock gating is a standard practice to reduce

power consumption. Either designers specify clock

gating at the architectural level, or it is automatically

synthesized at the RTL25 or from a gate-level netlist.26

A key problem in clock-gating design or synthesis is

identifying a group of flip-flops that can be gated at

the same time (and as often as possible).

Clock gating of pulsed-latch circuits can be imple-

mented via pulsers (see Figure 1a), in which case it is

called pulser gating. This implies a new problem in

which we identify a group of latches that can be

driven by the same pulser (and thus placed near

one another) and gated at the same time.

Figure 7b shows a preliminary result of solving

this pulser-gating problem.27 The problem involves

extracting a gating condition from each latch (as a

Boolean expression), performing initial placement

to obtain latch locations, and identifying groups of

latches and inserting pulsers. Each pulser is enabled

or disabled by the consensus of the gating conditions

of the latches within its pulser group. Power savings

are largely determined by the average gating proba-

bility. In particular, we notice (from the bold line plot-

ting the dots in Figure 7b) that when the gating

probability is high, the power in the pulsers is

reduced significantly.
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A PULSED LATCH IS very useful because it makes it

possible to adopt a standard ASIC design flow without

major changes while still enabling performance im-

provement and power savings. The key to pulsed

latches is guaranteeing the integrity of the pulse

shape; both the placement and issues regarding

PVT variations and noise are important in this regard.

The design of efficient pulsers and ways to adjust the

pulser’s strength during the design stage, such as dur-

ing placement, need to be investigated. �
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